INTRODUCTION
Fats are used in foods, cosmetics, and pharmaceuticals, in which the fats are the main ingredients of the solid materials 1 . The crystallization properties of fats largely affect the microstructural and physical properties and help to establish the quality, productivity, and preservability of the products 2, 3 . For example, in the commercial manufacturing cooling processes for fat products, such as margarine, shortening, and chocolate, the crystal nucleation of the fats occurs first, followed by crystal growth. Then, the dispersed crystals form networks 4 . Thus, the textures of the products are determined by the structural properties of the networks and the size distribution and shapes of the fat crystals. Above all, the initial stage of crystallization significantly contributes to the entire processes of crystallization; therefore, numerous studies have been conducted to better understand and control the crystal nucleation 2, 5 9 .
Nowadays, there is a growing demand to reduce the other hand, some impurities affect crystallization in natural systems 20 ; however, no additive, with very different chemical structures than fats, has been shown to significantly improve fat crystallization. A major objective of this study was to find such new types of additives that promote the crystallization of typical triacylglycerols TAGs . After studying several materials, we found that the inorganic materials of talc, carbon nanotube CNT , and graphite, and the organic materials of theobromine, ellagic acid dihydrate EAD , and terephthalic acid remarkably promoted the crystallization of TAGs. The most unique property of these additives is that they do not contain hydrocarbon chains, which are the main components of TAGs along with the glycerol backbone. Talc is a crystalline hydrated magnesium silicate belonging to the 2:1 layer clays of the phyllosilicate family, with the chemical formula Si 4 In this study, we found that the above six additives greatly affected the crystallization and polymorphic transformation behavior of the saturated TAGs of trilauroylglycerol LLL , trimyristoylglycerol MMM , and tripalmitoylglycerol PPP . In particular, the rates of crystallization increased similarly to or more remarkably than those by the previously reported additives.
EXPERIMENTAL

Materials and sample preparation
The TAG samples of LLL, MMM, and PPP with ≥ 99 purity were purchased from Sigma-Aldrich St. Louis, USA , and used as received without further purification. The melting temperatures T m of α, β , and β forms of the three TAGs are the following: α 15.0 , β 35.0 , and β 46. 5 for LLL 25 ; α 33.0 , β 46.5 , and β 57.0 for MMM 25 ; and α 44.7 , β 56.6 , and β 66.4 for PPP 25, 26 . The fine powder sample of talc NANO ACE ® D-600 was supplied by Nippon Talc Osaka, Japan . The CNT powder sample single-walled CNT 55 , 2 nm diameter, and 5-15 μm length was purchased from Tokyo Chemical Industry Tokyo, Japan . The fine powder sample of graphite, with 99.9995 purity and passed through a 200 mesh sieve, was purchased from Alfa Aesar Ward Hill, UK . The fine powder samples of theobromine with 98 purity T m 357 27 , EAD with 98 purity T m 360
as ellagic acid 27 , and terephthalic acid with 99 purity sublimation temperature, 402 27 were purchased from Tokyo Chemical Industry Tokyo, Japan . The scanning electron microscope SEM observation showed the following particle sizes of the additives: Talc: several hundred nanometers of primary particles and Fig. 1 (a) Atomic arrangements in the crystals of talc, and molecular structures of (b) theobromine, (c) ellagic acid dihydrate (EAD), and (d) terephthalic acid.
several micrometers of aggregated secondary particles; CNT: 10 μm primary particles and 10-100 μm secondary stuck particles; graphite: 100 μm platelet-shaped crystals; theobromine: 10 μm primary particles and several ten micrometers of aggregated secondary particles; EAD: 50 μm columnar-shaped crystals and several ten micrometers of aggregated secondary particles; and terephthalic acid: 200 μm layer-shaped crystals.
Each additive was separately added to each TAG sample at room temperature 1 wt with respect to the TAG sample . The temperatures of the mixtures were increased to 80 for LLL and MMM and 90 for PPP to melt the TAG samples. Because the six additives are sparingly soluble in the molten TAGs and their T m values are much higher than 90 , the six additives were left as crystals in the molten TAGs.
The crystallization and melting experiments were conducted as follows: i holding at 80 or 90 for 10 min, ii cooling from 80 or 90 to 0 at a rate of 1 /min, and iii heating from 0 to 80 or 90 at a rate of 5 /min soon after step ii .
Thermal analysis
The thermal behaviors of the mixtures were analyzed by differential scanning calorimetry DSC using a DSC III calorimeter Rigaku, Tokyo, Japan attached to an X-ray diffractometer. Temperature and heat flow were calibrated with reference to the melting points and enthalpies of lead, tin, indium, and biphenyl. Each mixture 10 mg was weighed on an aluminum pan and placed in the measuring chamber filled with dry nitrogen gas flow rate 50 ml/min . Particular attention was paid to observe the increase in the crystallization rate with the additives by determining the crystallization temperature, which is defined as the initial temperature T i of the first exothermic DSC peak during the cooling process. To compare the T i values in the presence and absence of the additives, ΔT i was defined as the increase in the T i caused by the additives. The enthalpy change involved in the crystallization, polymorphic transformation, and melting was calculated using the software attached to the DSC apparatus.
Polymorphism and morphology of fat crystals
The polymorphic behavior of the TAGs in the presence and absence of the additives was examined by the X-ray diffraction XRD -DSC analysis. An Ultima IV X-ray diffractometer Rigaku, Tokyo, Japan equipped with a DSC unit was employed. The measurements were performed by the reflection method in the 2θ range of 1-30 using Cu-K α radiation 0.154 nm wavelength, 40 kV, 40 mA . The polymorphic structures were determined by observing the XRD short-spacing patterns, which are clearly different among the α, β , and β forms. With regard to the long-spacing patterns, the values of the long spacing of the β and β forms are so close to each other that the experimental errors were not negligible for defining the peaks of the 001 reflections. Therefore, the long-spacing patterns were not employed for determining the polymorphic forms.
The morphology of the fat crystals was observed using a polarized optical microscope POM , VHX-600 digital microscope Keyence, Osaka, Japan . The total magnification was 500. The mixtures 4-8 μL were placed on glass plates and gently covered with cover slips. The temperature of the mixtures under the POM observation was controlled using a T95 system controller Linkam Scientific Instruments, Tadworth, UK . Figure 2 shows the DSC cooling and heating thermograms of LLL in the presence and absence of the three inorganic additives. In the cooling thermograms Fig. 2A , pure LLL showed a single exothermic peak. LLL talc and LLL CNT also showed single exothermic peaks; however, LLL graphite showed a broad-shouldered exothermic peak. According to the XRD and POM experiments, the exothermic peak of pure LLL is attributed to only the crystallization in the β form from the melt; however, the corresponding peaks of LLL in the presence of the three additives result from the successive crystallization in the β and β forms including the solid-state β β transformation, which occurred during the cooling processes.
RESULTS AND DISCUSSION
DSC thermograms
Notably, the peak position of pure LLL shifted to higher temperatures when the three additives were employed, as indicated by the arrows in Fig. 2 . The T i value of pure LLL was 27.3 , whereas it was increased to 29.9 by talc, 31.2 by CNT, and 35.4 by graphite. The ΔT i values are listed in Table 1 . Thus, the three additives promoted the crystallization of LLL in the order: graphite CNT talc.
In the heating thermograms Fig. 2B , pure LLL showed a small exothermic peak at 29.9 and a large endothermic peak at 46.7 with an end point at 54.8 as the full-melting temperature. The exothermic and endothermic peaks are attributed to the solid-state β β transformation and the melting behavior of the β-form crystals, respectively, as shown in the XRD experiments.
However, all the mixtures with the three inorganic additives showed very weak and broad peaks at 29.9 and large endothermic peaks at 46.7 . This is because the β β transformation of LLL in the presence of the three additives almost completed during the cooling processes and early stages far below 29.9 of the heating processes as observed in the XRD and POM experiments. The endothermic peak position and the full-melting temperature did not change by the use of the three additives. Figure 3 shows the DSC cooling and heating thermo-grams of LLL in the presence and absence of the three organic additives. In the cooling thermograms Fig. 3A , LLL theobromine and LLL EAD showed single exothermic peaks similar to pure LLL; however, LLL terephthalic acid showed a broad double exothermic peak. The exothermic peaks of LLL in the presence of the three additives result from the successive crystallization in the β and β forms including the solid-state β β transformation, as observed in the XRD and POM experiments. Notably, the peak position of pure LLL shifted to higher temperatures when the three additives were employed: the T i value of 27.3 for pure LLL was increased to 28.4 by theobromine, 29.3 by EAD, and 34.1 by terephthalic acid. The ΔT i values are listed in Table 1 , indicating that the three additives promoted the crystallization of LLL in the order: terephthalic acid EAD theobromine. In the heating thermograms Fig. 3B , the exothermic peaks at 29.9 , as observed in pure LLL, appeared in a small scale when theobromine and EAD were added. However, the corresponding peak became very weak and broad when terephthalic acid was added. This is because the β β transformation almost completed during the cooling processes or early stages far below 29.9 of the heating processes. The large endothermic peaks at 46.7 were observed for all the three mixtures without changing the peak position and full-melting temperature.
The same experiments were conducted for MMM and PPP in the presence and absence of the six additives data not shown here . The results are almost the same as those of LLL: the six additives promoted the crystallization of MMM and PPP, as shown by the T i and ΔT i values listed in Table 1 . Thus, all the six additives increased the ΔT i values because of their promotional effects; in addition, they also promoted the crystallization in more stable forms and the transformation from metastable to more stable forms. The details of these effects were most clearly shown by the XRD and POM observations, as explained below.
We compared our data with those reported in the recent publications. The crystallization temperature increased by 1.1-8.1 with the additives, as shown in Table 1 , whereas the addition of monopalmitin 1 wt to palm oil and polyglycerine fatty acid ester 1 wt to palm stearin increased the crystallization temperatures by 1.7 18 and 1.0-3.9 19 , respectively.
XRD experiments
The XRD profiles of LLL in the presence and absence of the three inorganic additives are shown in Fig. 4 . When pure LLL was cooled, the initial crystallization occurred at 26.3-25.3 in the β form as shown by the occurrence of short-spacing peaks 0.42 nm and 0.39 nm . The T i value in Table 1 corresponds to this crystallization; however, the temperature at which these XRD peaks appeared first defined as T i in XRD was 1-2 lower than the T i in DSC. This is because XRD is less sensitive in detecting the occurrence of crystallization than DSC. Both the crystallization in any other polymorphs and the β β transformation were not detected during the cooling process.
On subsequent heating, the XRD patterns showed the occurrence of the β β transformation as shown by the change in the short-spacing patterns at 22. 5-28.6 shown by the dotted arrow in Fig. 4a , which corresponds to the small exothermic DSC peak at 29.9
Fig . 2B . The transformation into the β form was shown by the appearance of the short-spacing peaks 0.46 nm, 0.39 nm, and 0.38 nm , as shown by the arrows in Fig. 4a . The β-form crystals obtained melted by further heating as shown by the endothermic DSC peak at 46.7
Fig . 2B and the disappearance of the XRD peaks for the β form Fig. 4a .
The additive effects of the three inorganic materials on LLL are shown as the remarkable differences in the XRD patterns obtained during the cooling and heating processes, summarized as follows: i the T i in XRD was increased by the three additives, i.e., 28.4-27.7 by talc, 28.2-27.2 by CNT, and 33.1-32.1 by graphite. These values were almost identical to those in DSC Table 1 . ii The occurrence of the β form was promoted by the three additives during the cooling processes. In the cases of LLL talc and LLL CNT, LLL first crystallized in the β form. However, the short-spacing peaks for the β form appeared at 27.6-25. 8 LLL talc and 24.2-23.1 LLL CNT during the cooling processes, as shown by the dotted arrows in Figs. 4b and c. The intensities of these peaks for the β form increased as the mixtures were cooled, and finally the peaks for the β form disappeared. This change in the short-spacing peaks was attributed to the solid-state β β transformation. In the case of LLL graphite, the shortspacing peaks for the β form appeared soon after the crystallization started, and the peaks for the β form were not detected, as shown in Fig. 4d. iii The solid-state β β Table 1 T i and increases in T i (ΔT i ) of LLL, MMM, and PPP in the presence and absence of the six additives obtained by the DSC cooling (1℃/min) thermograms. transformation during the heating processes was not detected when the three additives were employed. This is because the β β transformation was mostly completed during the cooling processes. A remarkable difference in the XRD patterns was observed in the relative intensity of the long-and short-spacing peaks of LLL between graphite and the other two inorganic additives. In the cases of pure LLL, LLL talc, and LLL CNT, the intensity of the long-spacing peaks was always stronger than those of the short-spacing peaks.
However, the intensity of the long-spacing peak was extremely lower than those of the short-spacing peaks in the case of LLL graphite. We assume that the adsorption patterns of the LLL molecules on the surfaces of graphite crystals may be different from those on the other additives e.g., talc as shown in Fig. 5 . In the case of adding talc, the long-chain axes of the LLL molecules are arranged normal to the crystal surfaces, making the lamellar planes parallel to the surfaces. In contrast, the long-chain axes of the LLL molecules are parallel to the surfaces of the graphite crys- tals, making the lamellar planes normal to the surfaces. In these cases, the X-ray beams can be strongly diffracted by the lamellar planes of the LLL molecules on talc, whereas strongly diffracted by the sub-cell structures of the LLL molecules on graphite. Therefore, the intensities of the short-spacing peaks for the LLL crystals on graphite were stronger than that of the long-spacing peaks. Such a result has often been observed in the long-and short-spacing peaks for the long-chain compound crystals with relatively different intensity, named as morphology and orientation effects .
Although Fig. 5 simply shows as if the surfaces of the additive particles are atomically/molecularly flat, the surfaces where certain catalytic interactions occur to promote the heterogeneous nucleation may not be as simple as shown in Fig. 5 . In fact, the additive surfaces should be constructed by steps/kinks/vacancies/holes, some of which may be effective for the heterogeneous nucleation. Figure 5 shows that the molecular orientations of the fat crystals are very different among the additives, as shown by the XRD patterns. We believe that this result is one of our most important findings in this study because of two reasons: i no such finding on the additive effects has been reported so far and ii the orientations of the fat crystals on the additive surfaces should be the key to better understand the molecular-level interactions between the fat molecules and additive surfaces, which will be studied in the future.
In the cases of adding the three organic materials, the XRD patterns showed that all of them promoted the crystallization of LLL during the cooling processes: the T i values in XRD were increased to 26.4-25.7 by theobromine, 26.6-25.7 by EAD, and 30.9-29.9 by terephthalic acid. These values were almost identical to those in DSC Table 1 . However, the effects on the polymorphic crystallization of LLL were different between terephthalic acid and the other two additives. Figures 6a and b show that the first-occurring polymorph was the β form, soon followed by the occurrence of the β form during the subsequent cooling processes at 16.0-14.9
LLL theobromine and at 14.6-13. 4 LLL EAD , as represented by the dotted arrows. The two forms coexisted during the cooling processes, as shown by the presence of their shortspacing patterns. In contrast, LLL started to crystallize in the β form from the beginning when terephthalic acid was added, as shown by the occurrence of the short-spacing patterns for the β form Fig. 6c .
The XRD patterns obtained during the heating processes also showed the effects of the three organic additives. The β β transformation did not complete during the cooling processes when theobromine and EAD were added. Therefore, the solid-state β β transformation occurred again during the subsequent heating processes, as shown by the disappearance of the short-spacing patterns for the β form at 27.3 LLL theobromine and at 29.9 LLL EAD . These changes correspond to the exothermic DSC peaks at 29.9 Fig. 3b . However, the crystallization in the β form was not detected in LLL terephthalic acid; thus, no β β transformation was observed.
The same experiments were conducted for MMM and PPP in the presence and absence of the six additives data not shown here . The results obtained are discussed along with those of the POM observation. Figures 7 and 8 show the results of the in-situ observation on the crystallization processes of LLL in the presence and absence of the additives, which was conducted by the temperature-controlled POM methods. All the figures clearly demonstrate that the additives promoted the crystallization of LLL and modified their polymorphic crystallization behavior, thus supporting the results obtained by the DSC and XRD studies. The same experiments were conducted for all the three TAGs in the presence and absence of the six additives data not shown here . Figure 7 shows the typical POM images obtained at the early stages of the crystallization of LLL in the presence and absence of the six additives. In pure LLL, the bright image of LLL crystals in a spherulite pattern became visible at 25.5 , which was 2 below the corresponding T i in DSC Table 1 . This was because the image shown in Fig.  7a was recorded slightly after the crystallization started. The spherulite pattern was the same as that obtained for the β -form crystals of LLL reported previously 28 .
POM observation
The temperature at which the LLL crystals appeared was increased by the six additives: 30.4 by talc Fig. 7b Fig. 7f , and 32.9 by terephthalic acid Fig. 7g , which were almost equal to the corresponding T i in DSC Table 1 . In  Figs. 7b-g, the bright images shown by the solid arrows represent the LLL crystals, whereas the images shown by the dotted arrows represent the additive particles. The bright images of the LLL crystals started to grow at the edge of the additive particles.
It was very interesting to observe the changes in the color of the bright crystal images under the crossed Nicols condition for POM and in the crystal aggregation behavior in accordance with the progress in the crystal growth. By combining these observations with the results of the DSC and XRD studies, we concluded that these changes directly corresponded to the changes in the polymorphic structures of the three TAGs. Thus, we could also distinguish the crystal polymorphs by the POM images. Figure 8 shows three examples of the POM images taken for LLL in the presence and absence of the additives at the later stages of crystallization in the cooling processes. In pure LLL Fig. 8a , the bright images of crystals radially grew with increasing crystallization time and decreasing temperature to 0 , finally forming large spherulite crystals. The spherulite patterns for the β -form crystals were maintained during the cooling process.
When LLL talc was cooled from 80 , the bright images of the β -form crystals started to appear at 30.4 , as shown in Fig. 7 . At 28.5 , the growth of the β-form crystals followed that of the β -form crystals from the central position of the spherulite, as shown by the different colors in the POM image represented by the dotted circle in Fig.  8b . On further cooling, both β -and β-form crystals continued to grow, and simultaneously, the β β transformation occurred during the crystal growth. The growth of the other spherulites proceeded in the same manner, and no free spaces for the growth of the β -form crystals were left see the image taken at 25.5 , Fig. 8b . However, the β-form crystals still continued to grow and finally occupied all the crystal areas below 9.5 . The results of the DSC Fig. 2 and XRD Fig. 4b studies show that the growth of the β-form crystals can be attributed to the solid-state β β transformation.
In the case of LLL theobromine Fig. 8c , the growth of the β -form crystals at the outer area of the spherulites followed by the growth of the β-form crystals at the center of the spherulites were also observed during the cooling process. However, the change in the images from the β to β form was so slow compared to that of LLL talc that the β -form crystals remained at 0 without any changes in the growth patterns, as shown in the spherulite represented by the dotted circle in Fig. 8c . This observation agreed well with the results obtained by the XRD analysis Fig.  6a , in which the occurrence of the β form was detected at a temperature far below that of the first crystallization in the β form and the short-spacing patterns for the β and β forms coexisted at 0 .
The POM observation was also conducted on LLL CNT, LLL graphite, LLL EAD, and LLL terephthalic acid. The main results obtained are as follows: the β-form crystals started to grow from the beginning of the crystallization in LLL graphite and LLL terephthalic acid, whereas the results of LLL CNT and LLL EAD are similar to that of LLL theobromine.
Regarding the crystallization of MMM and PPP, the POM observation was also conducted in the same manner as that on LLL. The general behavior of MMM was almost identical to that of LLL. However, the behavior of PPP was different from those of LLL and MMM, because the least stable α form occurred along with the β and β forms. In either case, a clear trend was observed: the six additives promoted the crystallization of the TAGs in more stable forms. The main results are summarized in Table 2 .
Enthalpy change
It is very interesting to compare the enthalpy change obtained by the DSC analysis for crystallization, polymorphic transformation, and melting behavior among the liquid and β and β forms of LLL Fig. 9 and Table 3 . The solid-state β β transformation and the crystallization in the β and β forms contribute to the enthalpy change in the exothermic DSC peaks ΔH exo , whereas the heat of melting of the β-form crystals comprises the enthalpy change in the endothermic DSC peaks ΔH endo . Then, if we obtain the exothermic peaks during the cooling processes, ΔH exo may include the heat of the solid-state β β transformation and that of the crystallization in the β and β forms. In contrast, the ΔH exo during the heating processes only includes the heat of the solid-state transformation occurring at 29.9 . Therefore, two values of ΔH exo measured during the cooling and heating processes are defined as ΔH exo cool and ΔH exo heat , respectively. The simplest case is as follows: the crystallization in the β form occurs in the cooling process, the solid-state β β transformation occurs in the heating process, and melting of the β-form crystals occurs on further heating. In this case, ΔH exo cool and ΔH exo heat correspond to the heat of the crystallization in the β form and solid-state β β transformation, respectively. Then, the following relation should operate:
as observed for pure LLL Table 3 . In fact, eq. 1 could be applied to all the cases, as shown in Table 3 . However, interesting changes were observed in the relative values of ΔH exo cool and ΔH exo heat . The first case is the remarkable increases in the absolute values of ΔH exo cool compared to pure LLL at the expense of ΔH exo heat . This case was applied to LLL talc, LLL graphite, and LLL terephthalic acid, which promoted the crystallization mostly in the β form, as shown by the XRD results Figs. 4 and 6 . The second case is the moderate increases in the absolute 
Polymorphic nucleation from the melt
The additive effects of the six materials on LLL, MMM, and PPP can be well understood by considering the polymorph-dependent nucleation rate J as a function of temperature T . The crystallization in the β and β forms is discussed here because the two forms were commonly observed in the three TAGs. Figure 10 shows the schematic illustrations of the additive effects on J of the β and β forms with decreasing temperature.
In the absence of the additives, J increases with decreasing temperature in such a manner that the slope of the T-J curve for the β form is larger than that for the β form, as shown by the solid lines in Fig. 10 . This is because the rate of nucleation of the β form is higher than that of the β form 31 . Such a relationship was experimentally confirmed for 1,3-dioleoyl-2-palmitoyl glycerol OPO 32 , 1,3-dipalmitoyl-2-oleoyl glycerol POP 33 , and trioleoylglycerol OOO and 1,2-dioleoyl-3-linoleoyl-rac-glycerol OOL 34 . Because of the T-J relationship as shown in Fig. 10 , the initially occurring polymorphic form observed at a cooling rate of 1 /min was the β form for all the TAGs examined, as shown in Table 2 . However, the T-J relationship largely varied depending on the additive-TAG combinations as shown in Tables 1  and 2 . Because the six additives promoted the crystallization in the β and β forms of the three TAGs as shown by the increases in the T i values, the slopes of the T-J curves for both the β and β forms became steep in the presence of these additives represented by the dotted lines in Fig.  10 , indicating that the rates of the nucleation of the β and β forms increased in the presence of the additives. Furthermore, the degree of the increase largely depended on the different additive-TAG combinations, as seen from Table 2 .
We may divide the relative nucleation behavior of the β and β forms at the initial stages of the crystallization into three groups in accordance with the combinations of six additives and three TAGs see columns initial in Table 2 . In the first group, the initially occurring polymorph was the β form alone. The combinations of talc-PPP, CNT-MMM -PPP , and theobromine-LLL -MMM and -PPP belong to this group.
In the second group, the initial crystallization occurred in the β and β forms, which is expressed as β β in Table 2 . The combinations of talc-LLL, CNT-LLL, EAD-LLL -PPP , and terephthalic acid-MMM belong to this group.
In the third group, the nucleation of the β form dominated over that of the β form, containing talc-MMM, graphite-LLL -MMM and -PPP , EAD-MMM, and terephthalic acid-LLL -PPP . In this group, the slope of the T-J curve for the β form may increase more than that for the β form; therefore, the initially occurring polymorph converted from the β to β form at a cooling rate of 1 /min, as shown in Fig. 10 .
The crystallization behavior in the later stages of the cooling 1 /min processes was more complicated than that expected from the T-J relationships because certain types of transformation as well as the crystallization in the β and β forms and the α form for PPP occurred. The crystal polymorphs at 0 for all the additive-TAG combinations are shown in the columns last in Table 2 .
CONCLUSIONS
This study has shown for the first time that the heterogeneous nucleation of fat crystals can be greatly promoted by new types of additives. Such additives have great potential to promote the fat crystallization by hydrophilic as well as hydrophobic molecular interactions between the fats and additives.
To elucidate the mechanism of the promotional effects of the additives on the crystallization of the three TAGs described in this study, some questions need to be solved with regard to the following points: i the effects of the particle sizes and shapes of the additives, ii the interactions between the surface structures of the additive particles and the TAG molecules, iii the adsorption patterns and molecular arrangement of the TAGs on the surfaces of the additives e.g., the postulated images are shown in Fig.  5 , iv the atomistic/molecular mechanisms of the heterogeneous nucleation of the TAGs on the additive crystal surfaces, v the effects of the additives on the rates of the crystal growth and solid-state β β transformation, vi the effects of the water-oil interfaces in emulsified systems, vii the effects of external factors such as the cooling rates and shear, etc. Moreover, it is expected that the present findings may be used to develop novel manufacturing technologies for fat products in food, cosmetic, and other applications. For this purpose, further studies using different types of fats are required.
